A model for the growth kinetics of a dielectric film obtained by oxidation of silicon in nitrous oxide environment is presented. The complete logarithmic form of oxidation kinetics is introduced for understanding the oxynitridation mechanism which includes information of the role of nitrogen in oxide film. The model fits experimental data excellently, both for short and long growth times. The chemical reaction energies of 1.81 and 1.1 eV are required for the oxynitridation for short and long growth times, respectively. This result suggests that the initial stage of the dielectric growth requires the higher reaction energy to form the SiON layer and the lower energy is needed for the bulk oxide formation from the reaction with the interfacial layer of the SiO1N,,, For the N,O oxidation, there are two barriers for the chemical reactions for NO and 0, species dissociated from N,O molecules.
The quality of ultrathin oxide films becomes a crucial factor for ultralarge scale integration because of the decreasing sizes of integrated circuits. Much attention has been focused on ultrathin gate dielectrics prepared by rapid thermal oxidation of silicon in a N,0 ambient.' The nitrogen atom bonds to the unsaturated dangling! site along the interface during the oxide growth and provides a barrier to various dopants and contaminants, including boron and sodium."2 Nitrogen accumulates at the dielectric/silicon interface. The accumulation of nitrogen has been verified by several experimental measurements.3' Auger electron spectroscopy (AES), secondary-ion mass spectroscopy (SIMS), x-ray photoelectron spectroscopy (XPS), and nuclear-reaction analysis (NRA) studies have shown that nitrogen piles up in the oxynitride close to the! interface and the bulk of the oxide grown by both furnace and rapid thermal process (RTP) N,0 oxidation of silicon has negligible amounts of the nitrogen atom. The accumulation of nitrogen at the interface during oxidation is dependent on the relative motion of the chemical reaction and the diffusion process of the N,O oxidant. The behavior of nitrogen at the interface influences the oxidation process.
The nitrogen concentration blocks the oxidation reaction at the interface. The interfacial reaction of nitrogen influences the mechanism of the film growth. The growth rate of the dielectric film is self-limiting for the ultrathin gate oxide during the short time period of N,0 oxidation,1"2 This saturation behavior makes it difficult to understand the oxynitridation mechanism from the ordinary linear-parabolic form of the Deal-Grove model.'3"4 A model for oxynitridation kinetics of the Si in N,0 oxidant has been proposed by Dimitrijev et al." They introduced the dynamical chemical reaction rate at the interface, which decreases with the oxidation time due to the neutralization of oxide growth sites by nitrogen. This model fit experimental data extremely well with the reaction energy of 1.18 eV. However, later work showed that the thickness does not saturate, but the growth is limited by the diffusion of N,0 oxidant through the bulk oxide for long growth times.'6" For long growth times, the DealGrove model can fit experimental data very well. The discrepancy in the apparent growth mechanisms between short and long growth times has not been carefully studied. '8 In this work, we study these different oxidation mechanisms by introducing a complete form of the oxidation model. From the excellent fit of the experimental data both for short growth times and long growth times, kinetic parameters provide information about the different activation energies for chemical reactions. The oxidation of silicon in N,0 at the initial stage requires the high reaction energy to form the oxynitride film, However, the bulk SiO, can be formed from the interfacial Si0N, layer with the low reaction energy.
Oxynitridation Kinetics which proposed that the oxidation kinetics is governed by a combination of two processes'3 The oxygen species diffuse into silicon through the previously formed oxide layer and react with silicon to form a new layer of SiO, at the SiO,/Si interface. The flux of the oxidant across the oxide layer is given by Fick's law
[jj dx at any point x within the oxide layer, where D is the diffusion coefficient and dC(x)/dx is the concentration gradient of the oxidant in the oxide. According to the Deal-Grove theory, from the assumption of steady-state oxidation, the concentration of the oxidant within the oxide layer can be linearized, and the diffusion flux is given by [2] where C,, and C, are concentrations of oxidant at the silicon surface and near the oxide-silicon interface x,. The flux corresponding to the chemical oxidation reaction is expressed by the first-order relation F,, = kC, [3] Under the steady-state condition, all diffusing species participate in the oxidation reaction beyond an initial transient period. The flux-dependent growth rate of the oxide layer is described by the differential equation -1 [6] where [7] We briefly review the oxidation theory of Deal-Grove, k
[8] [15] and the time-invariant diffusion flux of Eq. 1 holds at all x in the oxide, including the oxide-silicon interface x = x0. [9] Instead of the approximation to linear form of concentra- insisting that the incoming flux must be invariant at any In order to improve the limitation of the Deal-Grove point x within the oxide film. However this approximation model for the application into the thin oxynitride film is not necessary for the incoming flux, which is representgrown by N20 molecular species, Dimitrijev et a!." introed in time-invariant Fick's law with the variation of conduced the time-dependent reaction coefficient k(t). As centration for the infinitesimal displacement of the internitrogen in incorporated at the interface, oxide growth face to oxidation direction. Regardless of the steady-state sites are consumed, providing an interface limited reaction oxidation, the flux of oxidant at the interface does not condition for the oxide which finally ceases to grow. The need to be simply modified into the linear form, but must nitrogen trapped at the interface has a role in the growth be kept with the differential form in order to properly limiting factor. From Eq. 3 and 4, they introduced the describe the distribution of instantaneous concentration reaction-limited part of the Deal-Grove oxidation model of oxidant at any interface. Therefore, the knowledge of the approximated linearity of the concentration gradient
is not essential for the oxidation kinetics. From the initial -C condition for the constant concentration C0 of the oxidant at the surface, the oxidant concentration at the interface where k(t) is a function of the areal density of available C, is obtained by equating Eq. 3 and 16 and integration of growth sites at the interface (Dr) and is time-dependent as the differential equation these sites are being neutralized by the nitrogen atoms.
The coefficient k is expressed as -D dC,(x,) = kC (x,) [17] dx, k(t) = rD(t) [11] • c, =coexp(-xoJ [18] where r is a constant. The Dgr(t) is exponentially decayed D by the kinetics of the neutralization of growth sites by the nitrogen incorporation and is written by and therefore, the flux is given by D(t) = Dgr(0)el/TN [12] F,, = F = kC0 exp [--xoJ [19] where Dgr(O) is the initial density of growth sites which The incident flux exponentially decays with the characdepends on temperature, and TN is the nitridation time teristic diffusion length represented by parameter L,, = constant. Therefore, the time and temperature dependent D/k which is related to the difference of activation energy reaction coefficient is given by between the interfacial reaction rate and the diffusion rate. By equating Eq. 4 and 19, the following differential k(t) = rNe_EA/BT,_t/TN [13] rate equation of the oxidation can be obtained where N is a constant. Eliminating coefficient k(t) from --= -'2' exp --a- [20] Eq. 10 and 13, the differential equation obtained provides ,, [21] the oxynitridation theory is needed.
It is valuable to consider again the Deal-Grove formulawhere t,, = LDCOX/kCO is the characteristic time constant, tion. For the steady-state condition T = -t,, ln (1 -2d/A) is the initial native oxidation time, 
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Note that the direct approach to derive Eq. 21 from Eq. 22
is not analytically simple. However, the validity of the approximation can be convinced from the power series expansion for the limit of t + r to 0. This complete form of oxidation kinetics can be used for experimental fits in order to understand the nitrogen role in the N20 oxidation. The experimental fits for the dielectric films are remarkable, as shown in Fig. 1 and 2 . For the ultrathin film, as the oxidation time becomes longer, the oxide thickness is not completely saturated, but slightly increased, as shown in Fig. 1 .
Results and Discussion Based on the complete formalism of the oxynitridation kinetics, two typical experimental data have been used to analyze the oxidation process of silicon in the N20 ambient. Ting et al.'2 reported the ultrathin film oxynitridation of the silicon in the N20 ambient by rapid thermal process (RTP) as shown in Fig. 1 . They suggested that the oxide growth rate in N20 gas environment is less than that in pure oxygen and the interfacial nitrogen blocks the oxidant diffusion into the interface by forming a nitrogenrich layer.'4 The depth profile'2"7 shows that the early stage of the N,0 oxidation mainly contributes on the development of the oxynitride phase of the interface (Si0N,j. However, Sun et al."8 reported that for the relatively thick film and the long time N,0 oxidation in furnace annealing process, the thickness of the dielectric film is not self-limiting but increases like the dry 0, oxidation as shown in Fig. 2 . This seems to indicate that the long time growth is not self-limited by suppression of the chemical reaction at the interface, but is limited by the diffusion process of N20 through the oxide bulk (5i02) rather than through the nitrogen-rich layer of the interface (SiO1N8). The experimental fits for the dielectric films both for the ultrathin film and for the thick film, are remarkable as shown in Fig. 1 and 2 . The extracted kinetic parameters are illustrated in Table I and II. The fitting parameters of A (= 2 LD), B, and B/A are for the characteristic diffusion length (L), the diffusion rate constant, and the interfacial reaction rate in dielectric/silicon layer, respectively. AU of these parameters are proportional to the growth temperature. In particular, the temperature dependence of the diffusion rate constant is stronger than the case of the interfacial reaction rate. For short growth times, the diffusion length is increased up to 30 A at the temperature of 1200°C. Therefore, after growing the dielectric layer of 15 A for the wafer whose thickness of the native oxide is [241 assumed to 15 A the growth rate slows down. However, for long growth times and the thick film case, the diffusion length is increased up to 275 A at 1100°C. This is contrasted well to the interfacial oxynitride width which decreases with increasing growth temperature." Figure 3 shows the Arrhenius plots both for experiments on the ultrathin and relatively thIck films. The result from the experimental data of Ting et al. shows that for the early stage of the thin oxide film grown in nitrous oxide, the reaction energy of 1.81 eV is required, which is larger than the energy in pure oxygen oxidation of 1.5 eV, but the diffusion barrier of 2.1 eV is smaller than the oxygen diffusion barrier of 2.49 eV. This may imply that slightly saturated nitrogen located on the interface is related to the chemical reaction.
In spite of the lower diffusion barrier of the oxynitride with and B 2DC0 [22] film, as compared to that of pure silicon dioxide, the very low diffusivity of the N20 oxidant is not comparable to the diffusivity of the pure oxygen. For the thick dielectric film, whose depth profile is consistant with the bulk oxide (5i02) and the interfacial oxynitride (Si01N), the reaction energy of 1.1 eV is smaller than those both for the thin film case (SioN,) and for the pure oxidation (Si02) by 02 oxidant. This may indicate that the long time oxidation in N20 oxidant is not governed by the reaction dominant suppression of the oxidation rate. The activation energy for the chemical reaction for long growth times is similar with the diffusion barrier in the furnace annealing process. However, this furnace N20 oxidation strongly suppresses the oxidation rate because of the low diffusivity caused by the dispersion of the nitrogen content around the interface. These seem to indicate that for the N,0 oxidant, there are two main reaction species such as N0 and 0-. 2N20-÷2N2+02 [26] The composition of dissociated species is dependent on temperature and pressure. This has been interpolated by Bhat et at.2' from the experimental results of Briner et at. At 1050°C in atmospheric pressure, the proportions of NO, 02, and N, are about 7.5, 29.6, and 62.9%, respectively. The products of NO, 02, and N2 play important roles in the oxidation process. Since N2 molecule is relatively inert, it simply diffuses out of the oxide film without any significant impact on the film chemistry. Oxygen is the main component responsible for the formation of the Si-O bonds. Nitric oxide (NO) is responsible for the incorporation of nitrogen in the dielectric film. According to Bhat et at., the overall reactions of silicon with the products of N2O dissociation are as follows22
Si + 02 -÷ SiO,
Si + xNO -Si0J4, + X " N, [28] These two reactions do not occur uniformly throughout the whole film. In the ultrathin film growth, the diffused NO species mainly participates on the chemical reaction at the early stage of N,O oxidation because nitrogen-related species governs, for a while, the formation of the nitrogenrich layer being the interfacial layer. However, in the thick dielectric film, the N,O oxidation mechanism is very complicated. On the N,O oxidation, there is a competing influence between two species of NO and 0,, which are spontaneously involved on the formation of the bulk oxide and interfacial oxynitride. Together with the oxynitridation forming the early nitrogen-rich layer at a certain experimental growth condition, the oxygen species also join on the the oxidation to generate the bulk oxide (SiO,) from the reaction with the interfacial oxynitride layer. The high activation energy of 1.81 eV is needed for the N0 reaction with the silicon and the low energy of 1.1 eV is responsible to the O reaction with the silicon oxynitride at the interface instead of the direct reaction with the silicon. This means that for the N2O oxidation, there are two barriers for the chemical reactions for NO and 02 species and the NO reaction with the silicon governs the short time oxidation rate and 02 reaction with the oxynitride interfacial layer dictates the long time oxidation rate.
In order to describe a more detailed N,O oxidation, many experimental works3-'1 were carried out. Hon at at.' and Green et at." observed the displacement of nitrogen atoms from the interface and the reduction of nitrogen content due to the external 02 reoxidation of dielectric Table I . Kinetic parameters for the oxynifridation of (100) silicon in thç nifrous oxide ambient for short times from the experimental data of Ref. 12 and 14 . The initial native oxide thickness d is set to be 15 A and the corresponding time is defined to t. The fitting parameters of A (= 2k), B, and B/A are for characteristic diffusion length, the diffusion constant, and the interfacial reaction rate in Si/Si02 layer, respectively. 
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A ( films grown in N20 ambient. This indicates that if there is no incoming NO species, the nitrogen-rich oxynitride layer is pushed away from the interface by the new oxide growth at the interface. Therefore, there exists an exchanging cycle of oxynitridation by simultaneous binary reactions, in which the new NO species is diffused into and crosses the existing oxynitride interface and forms the new oxynitride interface and then the old oxynitride reacts with 02 species to form the bulk oxide by releasing the nitrogen gas. Bhat et al.22 also suggested that there must be an additional in situ reoxidation process occurring in the bulk of the oxide layer which converts the oxynitride to oxide, and the displaced nitrogen atoms recombine to form molecular nitrogen which diffuses out of the dielectric.
Based on these aspects of N20 oxidation, it is reasonable to speculate the following scenario of chemical reactions.
For short growth times, the NO reaction is dominated, forming the nitrogen-rich oxynitride layer Si(s) + xN2O + 1.18 eV -
For long growth times, the simultaneous binary reactions occur to generate the oxynitride interface as forming the bulk oxide by releasing the N2 gas and again the growth rate is mainly governed by the formation of the bulk oxide
In the above chemical reactions, the activation energies are used for the charge-transfer of the valence electron of silicon into the N20 oxidant, which can be dissociated into radicals. This N20 oxidation is based on the exchange mechanism of nitrogen at the interface, indicating that nitrogen at the interface is newly replaced by the incoming nitrogen from the N2O oxidant. The difference of the chemical reaction energy of 0.71 eV between the ultrathin and relatively thick film growth in N20 oxidation with the chemical shift of 0.3 eV of Si 2p level from the bulk to the interface23 provides the reaction pathway of the N20 oxidation. The N2O gas with silicon to generate the oxynitride layer with the activation energy of 1.81 eV from our Arrhenius plot from the complete formalism of the oxidation theory. The oxynitride layer includes the nitrogen concentration at the interface up to 4.3-9.0 atom percent at 1100°C from the direct measurement of the depth profile.'2'7 The composition of oxynitride layer at the interface is estimated into a SiO,72N522 for the distribution of constituent elements of Si (34%), 0 (58.5%), and N (7,5%) ,12172324 This is consistent with the composition of Si0166N523 estimated from the chemical shift.222252' Summary In summary, we have shown that the kinetics of thermal oxynitridation of silicon in nitrous oxide ambient can be explained by the complete form of the oxidation model both for short growth times and for long growth times. For short growth times of ultrathin films, the high reaction energy is required for the formation of the nitrogen-rich oxynitride layer which slightly suppresses the growth rate to be reaction limited. On the other hand, the N20 oxidation for long growth times requires the low reaction energy for the formation of the bulk oxide from the reaction with the interfacial oxynitride layer and the oxidation rate is limited by the diffusion process of N20 through the oxide bulk. A scenario for the reaction pathway of the oxynitridation of silicon in nitrous oxide is suggested. For the N20 oxidation, it is concluded that there are two barriers for the chemical reactions for NO and 02 species dissociated from N20 molecules. These reactions accompany the different activation energies. The NO reaction with silicon governs the short time oxidation rate and the 02 reaction with the interfacial oxynitride layer mainly contributes on the long time oxidation time.
